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In the previous chapter, we treated selection as an effectively deterministic process,
making the assumption that the stochastic force of random genetic drift is negligible
relative to the power of selection, while also ignoring the origin of new variation
by mutation. Such an approach often works well when the focus is on short-term
evolutionary issues. However, with weak selection operating on individual loci over
long time scales, selection, mutation, and drift can interact to pattern variation
both within and among populations in significant and sometimes counterintuitive
ways. As all populations are finite in size, and all genomes are subject to mutation,
it is essential that we now turn to these matters. Although most of the material
in this chapter is confined to one- and two-locus systems, the resultant principles
will provide the basic building blocks for more complex models for the evolution of
quantitative traits to be presented in subsequent chapters.

Whereas mutation and drift respectively introduce and remove variation from
populations, selection can have either effect, depending on whether it is directional
or stabilizing in nature. Of special interest is the degree to which all three forces in-
teract to define the distribution of allele frequencies in an equilibrium population (or
more precisely, in a quasi-equilibrium population, as with drift there is always some
stochastic wandering of allele frequencies around a long-term expectation). One of
the key issues considered in the following pages concerns the amount of variation
maintained by the balance between opposing selection and mutation pressures. We
initially address this matter by retaining the assumption of an effectively infinite
population size. Some simple extensions of this model demonstrate that recurrent
deleterious mutation imposes a fitness load on all populations, defined by the mu-
tation rate, but surprisingly independent of the individual mutational effects. We
then evaluate the situation in which drift is sufficiently strong to compete with or
even overpower the effects of selection. The latter issue is of special interest when
we consider selection on a quantitative trait, as strong selection at the phenotypic
level does not necessarily translate into strong selection on any particular underlying
locus.
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Because the ways in which genes evolve often depend on the background context,
we also use this chapter to introduce some key issues regarding the evolution of
multilocus systems. First, drawing on results outlined in Chapter 3 for the effects of
linkage on the effective population size for a chromosomal region, we explore how
this translates into a reduction in the efficiency of selection for advantageous alleles.
Second, using compensatory mutations as an entrée into the matter of epistasis,
we evaluate the extent to which such pairwise changes are promoted in small vs.
large populations. Third, as mutation and recombination rates differ substantially
among species (Chapter 4), we consider the degree to which selection might be
responsible for such variation, i.e., the extent to which the genetic machinery itself
is the product of adaptive evolution as opposed to being an inevitable byproduct of
cellular constraints.

SELECTION AND MUTATION AT SINGLE LOCI

Many of the central questions in population and quantitative genetics concern the
mechanisms that are responsible for the standing levels of molecular and quantitative
variation that are observed in natural populations. Here we introduce a few classical
models for the balance between the opposing forces of mutation and directional
selection. Our preliminary focus will be on the simple case of two alleles, as this will
serve as the foundation for more complex models for the maintenance of quantitative
variation covered in later chapters.

Consider a locus with an advantageous allele A and a mutant allele a, with
respective frequencies 1 — p and p. Let v be the mutation rate from A to a, and
v be the rate of back mutation to A. We assume random mating, constant viabil-
ity selection, and an effectively infinite population size. From Chapter 7, following
selection, the new frequency of a is

/

p=p

==

(8.1)

where W, is the marginal fitness of a, and W is the mean population fitness. Letting
p” be the allele frequency following mutation, we have

pPl=0-v)p +ul-p)=1-u-v)p +u (8.2)
This follows because 1 — v is the fraction of a that remains unchanged following
mutation, while a fraction u of all A alleles (with frequency 1 — p’) mutate to a.
Thus, under the joint action of selection and mutation, the new frequency of a is

W,
/! = ]. - - ja + 83
pr=0-u—vpostu (8.3)

Haldane (1927) was the first to consider the stable equilibrium frequencies under
this model of opposing mutational and selection pressures. Letting the fitnesses of
genotypes AA, Aa, and aa be 1, 1 — hs, and 1 — s, the equilibrium frequencies
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p satisfying Ap = p” — p = 0 are given by the solutions of the rather complicated
formula

(1—p)3s(2h —1) + (1 —p)?[2 = 3h 4+ uh + v(1 — h)]
+(1=p)[-s(1=h)+u(l—hs)+v(l—2s+hs)]—v(l—s)=0 (8.4)

(Biirger 2000). Provided 0 < s < 1 and h < 0.5, this expression has a single stable
equilibrium, and considerable simplification is possible in a number of biologically
realistic cases. For example, for the case of neutrality (s = 0), the equilibrium is
defined by the opposing forces of mutation

u

b=t (8:5)

The situation of most interest here, where allele a is at a selective disadvan-
tage, concerns the polymorphism maintained by a balance between selection and
mutation. To simplify the solution, it is generally assumed that back mutation to
the advantageous allele is a negligible force. There are two justifications for such an
assumption. First, unless the selection coefficient is small relative to the mutation
rate, the frequency of the mutant allele will be so low that back-mutation will be
a second-order effect. Second, although functional genes may mutate to deleterious
alleles by numerous mechanisms, precise back-mutations to normal alleles will nec-
essarily be much rarer events, i.e, v < u. Letting v = 0, Equation 8.4 reduces to a
more manageable, quadratic equation, with solution

o VIhs(1+uw)]? +4(1 — 2h)us + (1 + u)hs

b= 22h —1)s (8.6a)
In the unlikely event that a is a dominant deleterious mutation (h = 1),
u
~: _ '6b
p= (8.6b)

whereas if A is recessive (h = 0),

p= \/E (8.6¢)

in both cases assuming s > u, and for the general case of intermediate dominance
(0 < h<0.5),

D= hﬁ’ provided h > \/u/s (8.6d)
S

A number of other special cases are presented in Nagylaki (1992) and Biirger (2000).

The multiple-allele version of this model is straight-forward to obtain. Suppose
there are k alleles A4, ---, Ay and let u;; be the probability that an A; allele mutates
to an A; allele. Letting u; = Z#i u;; be the total mutation rate from allele A; to
any other allele, and assuming constant viability selection followed by mutation and
then random mating, the allele-frequency change equations become

/

p; =

((1 — ul) W; i + Z Ujl'Wj pj) (87)

J#i

Sl



4 CHAPTER 8

where W; is the marginal fitness of allele A;. The equilibrium behavior of this system
can be quite complex, and with sufficiently strong mutation, the possibility of stable
cycles exists (Biirger 2000).

Clark (1998) examined a special case of the multiple-allele model in which there
is one optimal allele and heterozygotes for single mutations have fitness 1 — hs, while
those for two different mutant alleles have fitness 1 — ks, where k is a measure of
complementation between two deleterious alleles (with k¥ = 0 implying that each
allele compensates for the other allele’s deficiencies). Under this model, multiple
deleterious alleles are maintained by mutation pressure, and provided k£ < 1, the
sum of their frequencies is higher than expected under the two-allele model. This is
because interallelic complementation reduces the magnitude of selection operating
on mutant alleles jointly present in the same genotype.

Example 8.1. How much variation can mutation maintain when the mutant allele is
lethal (s = 1)? From Equation 8.6b, the equilibrium frequency of a dominant lethal
allele is

p=u
whereas

p=u
for a recessive lethal (Equation 8.6¢c). The first expression applies regardless of the
population size, and the approximate nature of the second expression can be seen by
noting that the rate of loss, 2p? must equal the rate of gain of mutant alleles, 2u(1—p?).

Because u < 1, these expressions predict that recessive lethals should be much more
common than dominant lethals, a pattern that is seen for numerous human genetic dis-
orders (Cavalli-Sforza and Bodmer 1971). Equations 8.6b,c are often used to estimate
the lethal mutation rate for various diseases under the assumption that the observed
frequencies of lethal alleles are at mutation-selection equilibrium (e.g., Kondrashov
2003).

For a dominant lethal, the frequency of selected individuals in the equilibrium popu-
lation is
freq(aa) + freq(Aa) = u? + 2u(l — u) ~ 2u

Conversely, for a recessive, the frequency of selected individuals is

freq(aa) = (Vu)? =u
Thus, despite the great disparity in allele frequencies for dominant and recessive
lethals, because u is expected to be very small, there is only a twofold difference
in the expected frequencies of affected individuals.
What about the equilibrium mean fitness of the population? For the dominant allele

W =freq(AA) = (1 —u)?> ~1—2u

while for the recessive, o
W=1—freq(aa)=1—u
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Example 8.2. Albinism in humans is caused by a recessive allele, with an estimated
frequency of albinos of around 1/20,000 (Cavalli-Sforza and Bodmer 1971). If we as-
sume that albinos are at a slight selective disadvantage (s = 0.1) and that we are at
mutation-selection equilibrium, what is the estimated mutation rate to albino alleles?
Assuming Hardy-Weinberg, p? = 1/20, 000, and from Equation 8.6c,

s 1 ]u
P =50,000 — \V 0.1

which implies u = 5 x 1075. Conversely, if we assume a mutation rate of u = 1072,
the strength of selection against albinism can be inferred from

2

1 107°
© 20,000 s

implying s = 107° - 20,000 = 0.2 i.e., an 80% reduction of fitness in albinos.

SELECTION AND DRIFT AT SINGLE LOCI

In the preceding section, we assumed a situation in which the forces of selection
and mutation are powerful enough to ignore the stochastic consequences of random
genetic drift, at least in the short term. This deterministic approach to population
genetics yields explicit equilibrium solutions for allele frequencies, usually with no
oscillatory behavior. In reality, however, drift plays a significant role in all long-term
population-genetic contexts. For example, even when selection against deleterious
mutations is strong, the defective alleles segregating in a population today will
generally be descendants of entirely different mutations than those millenia in the
past. All mutations eventually experience one of two alternative fates, complete
loss from the population or fixation at a frequency of 1.0. (Although even in the
latter case, the definition of fixation can be a bit fuzzy, in that by the time a
mutation reaches fixation, some members of its genealogy may themselves have
acquired alternative mutations).

Our focus now becomes the probability of fixation of an allele by the spread
of its descendants to a total frequency of 1.0. In general, drift opposes selection in
that sampling of gametes to form each consecutive generation results in random
deviations in allele frequencies. If drift is strong relative to selection, a favored
allele may stochastically decrease in frequency and eventually become lost, while a
disadvantageous allele may increase in frequency and sometimes even become fixed.
Throughout the following subsections, we ignore the effects of recurrent mutation,
focusing instead on the fate of a pre-existing allele or newly arisen mutations.

Most of the theory of the interaction between selection and drift was developed
for a single diallelic locus under viability selection, in which case the change per
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generation in allele frequency can be thought of as the sum of the changes under
selection and under drift,

Ap = Ap,s + Apq

where Ap; is given by Equation 7.1b, and Ap, (the per generation change due to
drift) is a random variable. Under drift, there is no directional tendency for the
change in allele frequency, and hence E(Apy) = 0. Thus, the simplest measure of the
strength of drift is the expected variance in allele-frequency change due to gamete
sampling, which under the standard Wright-Fisher model of genetic drift (Chapter
2) is defined by the binomial distribution,

p(1 —p)

2 _
g (Apd) = ZNe

(8.10)

where p is the allele frequency prior to sampling, and N, is the variance effective
population size (Chapter 3). If o?(Apg) is small relative to Aps, allele-frequency
changes will not be dramatically different from their expectations under selection in
an infinite population, but drift dominates when o?(Apy) is large relative to Aps.

Consider the situation in which alleles have additive fitness effects, such that
the genotypes AA, Aa, and aa have respective fitnesses 1, 1+ s, and 1+ 2s. Letting
p be the frequency of allele a, if selection is weak (|s| < 1), then from Equation
7.2, Aps ~ sp(1 — p). Comparing this with Equation 8.10, when 2N,|s| > 1, |Aps| >
o%(Apg), i.e., selection dominates drift. Conversely, drift is expected to dominate
selection when 2N,|s| <« 1. A useful heuristic is to think of the power of drift scaling
as 1/(2N,), so that 2N, s is approximately the ratio of the power of selection to drift.

This argument is not quite precise because the variance of allele-frequency
change is only a rough indicator of the sampling properties of the distribution.
However, diffusion theory, an approach used to approximate the dynamics of
certain well-behaved random processes, gives an essentially complete description of
the dynamics of a diallelic locus under drift and selection. Appendix 1 provides an
introduction to numerous results from diffusion theory, several of which we draw
upon throughout this chapter.

Probability of Fixation Under Additive Selection

There is no possibility of a perfectly stable polymorphism when drift and selection
interact. Indeed, even in the case of overdominant selection (where there is a stable
equilibrium in an infinite population, Chapter 7), one allele will eventually drift to
fixation unless both homozygotes are lethal. Under this view, all new mutations must
eventually become either lost or fixed at the population level, and those that become
fixed will be subject to replacement by subsequently arising mutations. Thus, when
finite populations are considered, we need to think in terms of fixation probabilities
and times for the transient persistence of mutations. Even highly favorable alleles
have fixation probabilities less than 1.0 to a degree that depends on the initial
frequency pp, the strength of selection, and the effective population size N..
Denote by pf(po) the probability that an allele starting at initial frequency po
becomes fixed. As noted in Chapter 4, under neutrality, the probability of fixation
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depends only on an allele’s initial frequency regardless of population size, so that

ps(po) = po (8.11)

This is not the case for an allele under selection. When allelic effects on fitness behave
additively, such that each copy of allele a changes fitness by s (giving fitnesses of 1,
1+s, and 1+ 2s),

1 — e—4Nespo
pr(po) = 4 —gxs (8.12a)

~ po + 2Nespo(1 — po) when 2N, |s| <1 (8.12b)

These expressions hold for both beneficial (s > 0) and deleterious (s < 0) alleles.
Equation 8.12a, due to Kimura (1957) with a slightly improved version given by
Cash (1977), is derived using diffusion theory in Appendix 1. Equation 8.12b, due
to Robertson (1960), relies on the Taylor-series approximation e=% ~ 1 —z +z2/2 for
|z| < 1 to further simplify Kimura’s result. While diffusion approximations work well
for the fixation probabilities of favorable alleles (Carr and Nassar 1970), they can
significantly overestimate the fixation probabilities of deleterious alleles, especially
when N, s < —1. Biirger and Ewens (1995) examine the matter in detail, developing
upper and lower bounds for the fixation probabilities for strongly deleterious alleles.

It is critical to note that even when an allele is strongly selected, drift plays a
powerful role when the allele frequency is near zero or one. Starting with a single
copy of an advantageous allele (with frequency py = 1/(2N), where N is the absolute
size of the population), Equation 8.12a implies that the probability of fixation is
approximately 2s(N./N) when 4N.s > 1. As we expect N, to generally be <« N
(Chapter 3), this implies that a newly arisen favorable mutation is usually lost by
drift, no matter how beneficial. However, once the frequency of a strongly beneficial
allele becomes sufficiently high, fixation is almost certain. For example, if N.spy >
0.5, the probability of fixation exceeds 0.70, while if N.spy > 1, the probability of
fixation exceeds 0.93. Note also from Equation 8.12b that pf(po) ~ po if 4N.|s| < 1.
Thus, recalling Equation 8.11, even if s # 0, an allele behaves as if it is neutral over
all allele frequencies provided the power of drift, 1/(2N,), overwhelms the power of
selection, s. To reflect this fact, such alleles are said to be effectively neutral.

A number of other useful approximations for alleles with additive effects on
fitness have been derived from diffusion theory. For example, Kimura (1969) found
that the cumulative contribution of a new mutation to the population-level het-
erozygosity (summed over all generations until lost or fixed) is equal to

4N, S—1+e9

= () (=) (519

where S = 4N, s. For neutral mutations (S = 0), Hr = 2N, /N, which when multiplied

by the number of new mutations arising at the locus (or nucleotide site) per gener-

ation (2Nu) yields 4N.u, the expected heterozygosity at drift-mutation equilibrium
(Chapter 2).

When scaled to the neutral expectations, both the fixation probability and the

cumulative heterozygosity become simple functions of S. Viewed in this way, it can
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be seen that although both the relative fixation rate and the heterozygosity increase
with S, the former responds much more sharply (Figure 8.1). This is because delete-
rious mutations that essentially never fix in a population will nevertheless transiently
contribute to the heterozygosity prior to being eliminated by selection, whereas pos-
itively selected mutations will be driven through the population relatively rapidly,
contributing to heterozygosity for only a relatively short period.

—Insert Figure 8.1 Here—

Further insight into these points can be achieved by considering the mean num-
ber of generations to loss and fixation of new mutations, approximations of which
have also been obtained via diffusion theory. For example, the mean number of gen-
erations until complete loss of a new mutation with deleterious heterozygous effect
s is

t; = 2(N,/N)[In(2N/S) + 0.423] (8.14a)
provided S > 1 (Kimura and Ohta 1969b; Nei 1971). This may be compared to the
conditional time to loss of a neutral mutation,

t; = 2(N,/N)In(2N) (8.14b)

(derived in Appendix 1). More general expressions, which require some numerical
integration can be found in Kimura and Ohta (1969a). A useful approximation for
advantageous mutations with additive effects is that, conditional on fixation, the
expected number of generations spent at frequency z/(2N) is

_ 2N (1 — e 97)(1 — e S0172))
(@) = SNz(1—x)(1 —e9)

(8.15)

(from Equation 8.66 in Kimura 1983). Summation of Equation 8.15 over z = 1 to
2N —1 yields the mean time to fixation. For a neutral mutation (S = 0), this expres-
sion reduces to ®(z) = 2N, /N for all z, and as there are 2N frequency classes, the
total time to fixation becomes 4N, generations, in accordance with results presented
in Chapter 2.

Probability of Fixation Under Arbitrary Selection

More generally, if the genotypes aa, Aa, and A A have fitnesses 1, 1+ s(1+ h), and
1 + 2s, diffusion theory (as developed in Appendix 1) gives the fixation probability

of allele A as o
/ @) dy
0

pr(pols, h) =~ =7—— (8.16a)
@) dg
0
where
G(z) = —4N.sz[l1 + h(l — z)] (8.16b)
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As mentioned above, the most frequently required fixation probability is that for a
new mutant introduced as a single copy, po = 1/(2N), which under random mating
and at least partial dominance becomes

1 2N.s(1+ h)
el (2]\7> T N[1 — e~ 4Nes(1+h)] (8.17a)

This shows that the probability of fixation of a new mutation is largely determined
by the heterozygous effect, as almost all copies of a mutation remain in this state
until the allele frequency has achieved a moderately high level. For a complete
recessive (h = —1), the approximation leading to Equation 8.17a breaks down, and
higher-order terms in the approximation of Equation 8.16a are required. For strong
selection on heterozygotes (4N.s(1+ h)), a good approximation is given by

pf< : ) ~ VANes/m (8.17b)

2N) -~ N

(see Example A1.7 for details).

If there is direct inbreeding due to mating of close relatives (beyond the amount
of long-term inbreeding that is naturally generated by drift), Equation 8.16a still
holds, but now with

G(x) = —4Nesz{2f + (1 = f)[1 + h(1 — x)]} (8.18a)
where f is a measure of the departure of genotypes from Hardy-Weinberg expec-

tations, defined (in Chapter 2) by the frequency of heterozygotes, 2p(1 — p)(1 — f)
(Caballero and Hill 1992). Using Equation 8.16a, the fixation probability now be-

comes 1 2Nes[2f + (1 — f)(1 + h)]
Py <2N> ~ ~ (8.18b)
(Caballero and Hill 1992; Caballero 1996), which for a complete recessive (h = —1)
reduces to . AN, fs
pf (2N> > — (8.18c)

Thus, with even a small amount of inbreeding, the probability of fixation of a ben-
eficial recessive allele is considerably higher than under random mating (Equation
8.17b) due to the elevated exposure in homozygotes (Caballero et al. 1991). In con-
trast, inbreeding has much more moderate effects on the fixation probabilities of
alleles with additive (h = 0) or dominant (h = 1) fitness effects.

By causing localized inbreeding, population subdivision can also influence the
probability of fixation. Whitlock (2003) found that for a wide variety of population
structures, the probability of fixation of a new beneficial mutation is well approx-
imated by 2N.s(1 + h)(1 — Fsr)/N, where the effective and total population sizes
(N. and N) are defined at the metapopulation level, and Fs7 is an index of pop-
ulation subdivision (defined as the fraction of metapopulation variation of neutral
allele frequencies that is distributed among populations). Note that with complete
population subdivision (Fsr = 1), fixation is impossible at the metapopulation level,
as mutations are confined to the demes in which they arise.
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Expressions for effective population sizes under a number of metapopulation
structures were presented in Chapter 3, parallel expressions for Fgr can be found
in most of the literature cited there. In the case of the ideal island model with
symmetric migration between demes and equal contributions of all demes to the
entire metapopulation (Chapter 3), N, = N/(1 — Fsr), and the preceding expression
reduces to 2(1+ h)s, showing that in this particular case the probability of fixation is
independent of the magnitude of population subdivision and simply equal to twice
the selective advantage in heterozygotes (Maruyama 1970). Analyses of much more
complex population structures (Slatkin 1981; Barton 1993) are all special cases of
Whitlock’s (2003) expression, provided the assumption of equal deme productivity is
met, and the modifications necessary when this condition are violated are developed
in Whitlock (2003) as well. The more complex situation in which the strength of
selection varies among demes has been taken up by Whitlock and Gomulkiewicz
(2005).

Otto and Whitlock (1997) provide results for fixation probabilities in popula-
tions of changing size, showing that selection is more effective in growing populations
(increasing the probabilities that favorable alleles are fixed and deleterious alleles
are lost) than in declining populations. This result has obvious implications for man-
aged populations. Fortuitously, the limiting expression for the fixation probability
of alleles with additive effects (given above as 2sN./N) applies to populations that
are changing in size, provided appropriate modifications are made in the definition
of N. (Otto and Whitlock 1997). A number of additional diffusion results are given
for a diallelic locus in Appendix 1, but unfortunately, diffusion results for multiple
alleles are generally unavailable.

Expected Allele Frequency in a Particular Generation

A number of applications arise in quantitative genetics where it is useful to know
the expected allele frequency at time ¢, E(p;), particularly in attempts to predict
the response to selection. While exact results can be obtained from probability
transition matrices (Carr and Nassar 1970; Hill 1969a) and good approximations
can be derived from diffusion theory (Appendix 1; Maruyama 1977; Ewens 2004)
and other approaches (Curnow and Baker 1968, 1969; Pike 1969), these methods
tend to be numerically intensive. Fortunately, simple approximations have been
developed for weak selection.

In a finite population, drift can reduce the selection response by progressively
diminishing the expected heterozygosity each generation. If we assume weak se-
lection (in the limit, the infinitesimal model discussed in Chapter XX), such that
additional changes in allele frequencies associated with selection are relatively mi-
nor, from Equation 7.1b, the expected frequency change for an allele under additive
selection can be described as

E(Ap:) ~ sE[p:(1 —pt)] =~ spo(1 — po) (1 — 2}\/_ ) / (8.19)

where pg is the initial allele frequency. The last approximation follows directly from
the expression for the expected heterozygosity for a neutral locus in a finite popu-
lation in generation ¢ with a starting allele frequency of py, Equation 2.5. Summing
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over generations, the expected frequency after ¢ generations is

E(pt) =p+ ZE(Ap]) ~po+ 3p0(1 _pO) Z (1 - 2]1\/' )

j=0 5=0
~ po + 2N, s (1 — e*t/m) po(1 = po) (8.20a)

where the last step follows from the useful approximation

t

1y —t/2N,
3 <1 - o > ~ 2N, (1 s ) (8.20b)

Jj=0

More generally, if the genotypes aa, Aa, and AA have fitnesses 1, 1+ s(1+ k), and
1+ 2s, then for small N.|s| and N.|sh|, the expected frequency of A is

E(p:) ~ po + 2N.spo(1 — po) [ (1 - e—t/QNe) + W_TQPO) (1 . e—3t/2Ne) ] (8.21)

These approximations provide a remarkably simple route to obtaining fixation
probabilities under weak selection (N.s < 1). Because an allele is ultimately either
fixed (poo = 1) or lost (ps = 0), the asymptotic mean frequency as t — oo is equal
to the fixation probability,

E(poc) =1-ps(po) +0-[1 —ps(po)] = ps(po)

Thus, taking the limit of Equation 8.18 as t — oo gives a general expression for the
probability of fixation under weak selection and arbitrary dominance,

h(1— 2p0)>

f(po) = po + 2N,spo(1 —p0)<1 + 3

(8.22)

For additive fitness effects (h = 0), this expression is identical to Equation 8.12b.
Equation 8.20a was first derived by Robertson (1960), and Hill (1969a,b) found
that this approximation is reasonable provided N,|s| < 1. The more general versions
(Equations 8.21 and 8.22) were produced by Silvela (1980).

Fixation of Overdominant and Underdominant Alleles

A case of some interest is the effect of drift on a locus experiencing selective over-
dominance, where the heterozygote has higher fitness than either homozygote. In an
infinite population, such balancing selection permanently maintains both alleles (Ex-
ample 5.4), whereas drift will ultimately fix one of the alleles in a finite population
provided the homozygote is nonlethal. Generally, balancing selection will magnify
the time to loss of a polymorphism if the equilibrium allele frequencies under pure
selection (i.e., in an effectively infinite population) are intermediate. However, con-
trary to intuitive expectations, selection in a finite population sometimes decreases
the expected time to fixation at an overdominant locus (Robertson 1962; Ewens and
Thomson 1970; Chen et al. 2008).
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If the expected equilibrium frequency is extreme (roughly p < 0.2 or p > 0.8),
a polymorphism starting at p is usually lost faster under balancing selection plus
drift than under drift alone, thereby accelerating the removal of heterozygosity. Such
behavior makes sense if we consider that selection keeps allele frequencies fairly close
to their equilibrium values. If such values are extreme (near 0.0 or 1.0), the minor
allele will be largely confined to low frequencies by selection and impeded from
occasionally drifting to a more protective state of moderate frequencies, thereby
increasing the likelihood of its loss by drift.

Nei and Roychoudhury (1973) evaluated this issue with respect to newly arisen
overdominant alleles with initial frequency 1/(2N). In this case, the new allele is
initially confined to the heterozygous state, so its early fate is largely independent
of its own homozygous effect, but largely dependent on the magnitude of its se-
lective advantage over the resident homozygote. Fixation probabilities can only be
obtained by numerical analysis in this case, but the results depend only on two pa-
rameters, N,(s; + s2) and the equilibrium frequency (for an infinite population size)
D = s2/(s1 + s2), where s; and sy are respectively the selection coefficients against
the homozygotes associated with the mutant and resident alleles. If p for the allele
under consideration is much less than 0.5, the fixation probability is less than the
neutral expectation for the reasons noted above. However, if p is larger than 0.5
(the fitness of the resident homozygote is lower than that of the mutant allele),
the fixation probability is always greater than the neutral expectation, even though
fixation results in the loss of the optimal (heterozygous) genotype. Moreover, the
fixation probability of the mutant allele is only slightly smaller than that predicted
by Equation 8.12a when s, is used as a selection coefficient (Nei and Roychoud-
hury 1973). Again, it can be seen that if the ratio of the power of selection to drift
N.(s1 + s2) < 1, the system will behave in an effectively neutral fashion.

The mean fixation times for overdominant mutations parallel the patterns of
loss of variation that Robertson (1962) noted (Nei and Roychoudhury 1973). When
the equilibrium frequency is outside of the range of (0.2, 0.8), the fixation time is
lower than the neutral expectation of 4N, generations, whereas in the interior the
rate is elevated, with more extreme behaviors seen at high N.(s; + s2) (Figure 8.2).
Particularly intriguing is the fact that the fixation time of an overdominant mutation
is symmetrical around p = 0.5, i.e., for a given strength of selection N,(s; + s2), the
time to fixation is the same at equilibrium frequencies p and 1 — p. This means that
when the allele is associated with the least fit homozygous type, for the rare occasions
in which fixation occurs, it does so just as rapidly on average as when it is associated
with the most fit homozygote (and therefore fixes more frequently). Such behavior
seems to be related to a remarkable result obtained by Maruyama and Kimura
(1974) for mutations with additive effects on fitness — the mean time to fixation
of a beneficial mutation, conditional on the mutation actually going to fixation,
is identical to the time to fixation of a deleterious allele with the same selection
coefficient (but of opposite sign). If a deleterious allele is to become fixed, it must
do so as a consequence of some fortuitously rapid and extreme sampling errors. These
results clearly demonstrate that balanced polymorphisms with expected frequencies
outside of the (0.2, 0.8) range are unlikely to be maintained in natural populations.
Further considerations for the situation in which populations are subdivided are
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given in Nishino and Tajima (2005).

—Insert Figure 8.2 Here—

Important situations also exist in which a new mutation is underdominant with
respect to the resident allele, i.e., has reduced fitness when in the heterozygous state,
but equal or higher fitness as a homozygote. In an infinite population, such an allele
would always be driven from the population if its marginal fitness at low frequency
is less than that of the resident allele. In a finite population, however, there is some
chance that the mutant allele might drift to high frequency, transiently taking the
population through a reduction in mean fitness, but possibly eventually becoming
fixed.

Such a scenario has generated considerable interest in the area of speciation
biology, as the fixation of an underdominant mutation in a subpopulation would
lead to a situation in which the hybrids resulting from backcrosses to the parental
population have reduced fitness, i.e., to at least the first stages of reproductive
isolation. Not surprisingly, fixation of an underdominant mutation is only likely to
occur if N, is sufficiently small for drift to overwhelm the power of selection against
heterozygotes.

For the situation in which the two homozygotes have equal fitness and heterozy-
gotes experience a reduction in fitness s, Lande (1979) found that if sN./N < 1 (a
condition likely to be met based on our previous considerations of empirical infor-
mation on N./N)

12N ~ o/ Nes/m 8.23
1o1/28) = Sl (8.23)

where the error function

erf(x) = (2//7) /Ox e_dey (8.24)

is the cumulative frequency of a unit normal, which can be calculated by various
numerical approximations (Abramowitz and Stegun 1972). If the efficiency of selec-
tion is sufficiently low (N.s < 2), f,(1/2N) ~ 1/(2N), as expected for an effectively
neutral allele. However, if the efficiency of selection is high (N.s > 2), erf(y/N.s) ~ 1,
and

fp(1/2N) = (1/N)eNe*\/Nes/m (8.25)

In the context of the study of speciation, the most common sources of interest
in the fixation of underdominant mutations are chromosomal rearrangements that
cause substantial problems during meiosis in chromosomal heterozygotes, with s as
large as 0.5 being quite plausible (Lande 1979, 1984). Thus, it is of interest that
with N.s = 2, 5, and 10, Equation 8.25 predicts fixation rates that are 0.22, 0.017,
and 0.00016 of the neutral expectation. Such results imply that if heterozygote
fitness is greatly reduced, a transition to an alternative allelic state (with equivalent
homozygous fitness) is only possible if N, is very small. Furthermore, when such
fixations do occur, they proceed much more rapidly than the neutral expectation of
4N, generations (Lande 1979).
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Walsh (1982) generalized the above results to the situation in which the fitness
in the novel homozygote is elevated to 1+t, such that after passage through a fitness
bottleneck, fixation of the underdominant allele will lead to an increase in fitness
relative to the ancestral state of the population. Letting 6 = N.s and ¢ =1 + (¢/2s),

fo(1/2N) = (2/N)e%/60/n (8.26)

 erf{v/208[1 — 1/(2¢)]} + erf(\/8/phi)

For t < 2s, the fixation probability is close to that predicted by Equation 8.23,
whereas for large ¢, f,(1/2N) can moderately exceed the neutral expectation provided
N,s is not so strong that the allele is incapable of drifting to a high enough frequency
to be favored by selection. Thus, we still see that even if the derived allele is highly
advantageous in the homozygous state, it is unlikely to fix if the heterozygote fitness
is low unless N, is quite small. Lande (1979, 1985) shows that such selective valleys
are much more likely to be vaulted in subidivided populations, where local extinction
and recolonization permit individual demes to make a transtion to an alternative
genotypic state and then export such a fixed change to a newly opened habitat.

—Insert Figure 8.3 Here—

Divergence Under Uniform Selection

Although it is generally thought that selection will increase the determinism of a
system, this turns out not to necessarily be the case. Cohan (1984) showed that
when selection is weak to moderate, starting with identical allele frequencies the
probability of divergence between replicate populations can increase relative to the
situation under pure drift if the frequency of the advantageous allele is sufficiently
small. This point can easily be seen as follows. Supposing two replicate populations
are segregating alleles A and a at a locus with p =freq(4) = 0.25, then Equation
8.11 implies that under pure drift, the probability that one replicate becomes fixed
for A and the other for a is 2-0.25- (1 —0.25) = 0.375. Now suppose that A is favored
by selection, with N.s = 0.5. Again assuming p, = 0.25, Equation 8.12a gives the
fixation probability of A as 0.46, implying that the probability of fixing alternate
alleles is 2-0.46-0.54 = 0.496. Thus, in this case, divergence is substantially increased
by the interaction between selection and drift. We refer to such behavior as the
Cohan effect.

In general, the probability of fixing alternate alleles in two replicates is 2f,(p) [1—
I»(p)]. Under pure drift, f(p) = p, giving 2p(1 —p), which is maximized when p = 1/2.
Thus, the probability of divergence is increased by selection if f,(p) is closer to
1/2 than p, and because f(p) > p for a selectively-favored allele, a requirement
for increased divergence under pan-selection is that the starting frequency of the
advantageous allele be < 1/2. The probability of divergence under drift plus selection
equals that under drift only when the initial frequency satisfies p =1 — f,(p). If the
initial frequency p is below p, selection interacting with drift increases the amount
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of divergence relative to pure drift. Figure 8.4 shows that the conditions for this to
occur are not very restrictive under additive selection.

This observation has a number of practical implications. For example, in Chap-
ter 6 it was noted that a reduced level of population subdivision for a quantitative
trait relative to the neutral expectation is often taken to imply the operation of
similar selective regimes across subpopulations. But here we see that under identi-
cal selection pressures, populations that initiate with low-frequency, advantageous
alleles will exhibit levels of divergence more conventionally interpreted as being asso-
ciated with diversifying selection. Whether allele frequencies, selection coefficients,
and drift intensities commonly have the right mixes for uniform selection to enhance
the magnitude of phenotypic divergence remains to be seen, but a wide range of con-
ditions appear to yield divergence levels that would be difficult to discriminate from
the neutral expectation (Lynch 1986).

—Insert Figure 8.4 Here—

Selection on Quantitative-Trait Loci

A unique aspect of alleles underlying a quantitative trait is their conditional fit-
ness effects, a phenomenon that is most striking when a trait is under stabilizing
selection for an intermediate optimum. If, for example, the mean phenotype is be-
low the optimum, then an allele that contributes positively to the trait will be
promoted by selection (provided it does not substantially overshoot the optimum),
whereas that same allele would be disadvantageous in a population in which the
mean phenotype exceeded the optimum. For the situation in which the mean phe-
notype coincides perfectly with the optimum, all mutant alleles causing a deviation
from the optimum would be selectively disadvantageous. None of these conditions
require epistatic effects of the genes on the trait under selection, although because
of the nonlinear relationship between phenotype and fitness, there are clear epistatic
effects on fitness.

Thus, a key question is the degree to which alleles influencing quantitative varia-
tion are subject to fixation, and the extent to which this depends on the allelic effect
and the relative contributions of directional and stabilizing selection. For the situa-
tion in which selection is purely directional in nature, so that an extreme genotype in
one direction is always advantageous, the fixation probability for an advantageous
allele at a quantitative-trait locus (QTL) can be obtained by using results from
Chapter 7, where the selection coefficient is defined in terms of the additive effect
of an allele on the trait and the standardized selection intensity on the trait (the
within-generation change in the mean phenotype in units of phenotypic standard
deviations). Using such expressions, the expected dynamics of allele frequencies and
the probabilities of fixation can be determined by using the expressions developed
above, e.g., Equations 8.12a and 8.20a, an approach that will be used extensively in
some later chapters.

Here we focus instead on the less straight-forward situation in which the trait is
experiencing stabilizing selection. Consider a locus with a pair of additively acting
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alleles a and A segregating at frequencies 1 — p and p, with the contributions to
the phenotype being —a, 0, and a in units of phenotypic standard deviations for
genotypes aa, Aa, and AA. Assuming a Gaussian fitness function of the form
w(z) = e " where z is the phenotypic value and the optimum is scaled to equal
zero, and using the methods introduced in Chapter 7 to calculate the mean fitness
of A-bearing individuals and that for the entire population, the selection coefficient
is found to be

s = —pa+ A —1)(0.5 — p)a? (8.27a)

where p, is the mean phenotype, and A = 2k/(1 + 2k) (Bulmer 1972; Kimura 1981).
This shows that the selection coefficient depends not only on the mean phenotype,
but also on the allele’s additive effect, squared effect, and frequency.
Note that if the population mean is at the optimum (u, = 0), Equation 8.27a
reduces to
s =—\0.5 — p)a® (8.27b)

showing that p = 0.5 is an unstable equilibrium, a point made earlier by Robertson
(1956). If p > 0.5, the A allele is positively selected, whereas the a allele is favored if
p < 0.5. Either way, selection serves to eliminate heterozygosity. Moreover, because
the change in frequency of an allele with additive effects on fitness is simply sp(1—p),
it can be seen from Equation 8.27b that when the mean is at the optimum, all new
mutations are deleterious because p = 1/(2N) < 0.5.

Using diffusion theory, Kimura (1981) found that the probability of fixation of
a new mutation under this model is approximately

1
IN fOl AN [Bra+Baz(1—)]

pr(1/2N) = dx (8.28)

where 81 = p.Aa, and B = 0.5\(1 — A\p?)a?. This formula, which has to be solved
numerically, predicts much higher rates of fixation of mutant alleles than in the
case of unconditionally deleterious alleles with the same s (Kimura 1981). Foley
(1987) considered the special situation in which the phenotypic mean coincides with
the optimum, with mutations having effects normally distributed around a mean of
zero, and found that the average fixation probability of a new mutation can then be
approximated by

1
ps(1/2N) = m
where from Equation 8.27b, 5 ~ \a2/2 is now the average selection coefficient against
a new mutation with p = 1/(2N) ~ 0. Thus, under the assumption of normally
distributed mutational effects with quite strong selection, say 2N.s = 8, the average
fixation probability of newly arisen mutations would still be ~ 33% of the neutral
expectation.

It should be noted that these analyses assume that the mean phenotype remains
stable regardless of the changes at the locus under consideration. Such a condition
would require any change at the focal locus to be fully compensated by alterations
at the other loci influencing the trait. This situation is unlikely to ever be strictly
true. Computer simulations that allow all loci to freely respond to selection toward
a stable optimum suggest that Kimura’s results are quite accurate for 4N.s < 1,

(8.29)
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but otherwise can overestimate the probability of fixation by several fold (Hastings
1987). Hastings (1987) also suggested that when N,s is large under this model, on the
rare occasions on which fixations occur, they usually do so in pairs that fortuitously
compensate for each others’ effects, i.e., one increasing and the other decreasing the
mean phenotype.

JOINT INTERACTION OF SELECTION, DRIFT, AND MUTATION

When selection, drift, and mutation operate simultaneously, the allele frequencies in
a population of constant size eventually reach a stochastic equilibrium (or stationary
distribution), ¢(x) where = denotes the allele frequency. Recall from Chapter 2 that
we can interpret such an equilibrium in two different ways. First, if we have a large
number of replicate populations, ¢(z) closely approximates the frequency histogram
of the numbers of populations with specific allele frequencies at the locus. Conversely,
if we follow a population over time and construct a histogram of the historical record
of allele frequencies at the locus over a very large number of time points, we would
again recover ¢(z).

Again, diffusion theory provides a general solution to this problem (Appendix
1). For the simple biallelic case in which mutations from allele A to a occur at rate
u, and v is the reciprocal rate, Wright (1949) found that the equilibrium distribution
for the advantageous A allele is given by

$(x) = CW 2N g4Nev=1 (1 = g)Nev =1 for 0 < 2 < 1 (8.30a)

where C is a constant such that Equation 8.23a integrates to one and hence is a
proper probability density (Example A1.3 provides a derivation of this expression).

This fairly general expression can be applied to numerous problems. Consider,
for example, the case of a deleterious recessive allele maintained by mutation (with
u being the mutation rate to deleterious alleles, and s being the selective disadvan-
tage of mutant homozygotes). Letting = be the frequency of the deleterious allele,
the mean population fitness is W = 1 — sz, which because (1 — y)Ne ~ e7¥Ne | yields
WA~ e—2N,sz?. Ignoring back mutation to the advantageous allele, the equilib-
rium distribution is

d(x) = Cem2Nese® gANeu=1 (1 _ )= for 0 <z <1 (8.30b)

a result originally due to Wright (1938).

Nei (1969) provides a broad overview of the dynamics of the allele-frequency
spectrum for lethal mutations, including those that are entirely recessive or over-
dominant. As neither of these conditions are commonly observed (Lynch and Walsh
1995), we note only some of the results for partially recessive lethals. In this case, the
average expected frequency at selection-mutation balance is as given by Equation
8.6d, essentially independent of population size, and provided 2N.hs > 1 (i.e., the
power of selection against heterozygotes exceeds the power of drift), the variance in
allele-frequency is approximately

o*(p) = p/(4N.hs) (8.31)
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Nei (1971) and Li (1975) give expressions for the expected numbers of individuals
affected by a newly arisen deleterious mutation prior to its elimination by selection.

An area of special interest is the behavior of the four possible nucleotides at
a particular site. Denoting the four frequencies as x; (where i = 1,...,4) and their
selection coefficients as s; (here assumed to be weak and additive), under the as-
sumption that all nucleotides mutate to each other type at the same rate u, Equation
8.30a generalizes to

d(x1, 29,3, 24) = CW2N€ (x1w2x3x4)4N6“*1 (8.32)

where W = 1+ 22?:1331‘31' is the mean population fitness. Not surprisingly, the
solution to this trivariate (x4 being defined as 1 — z; — x5 — 23) expression is quite
cumbersome (Li 1987; Zeng et al. 1989; Bulmer 1991).

Consider, however, the situation in which there is one optimal nucleotide, whose
frequency we denote by z, with the three others having an equal selective disadvan-
tage s in the heterozygous state. Scaling the fitness of the less-fit alleles to be 1, the
mean population fitness is then W = 1 + 2zs, which is closely approximated by e2**
under the assumption of small s. The expected frequency of the optimal nucleotide

then becomes

~ e

P=s (u/v)

(Li 1987; Bulmer 1991; McVean and Charlesworth 2000). From Equation 8.12a, e
is the ratio of fixation probabilities for beneficial and deleterious mutations , and
u/v is the ratio of mutation rates from and to the beneficial allele. As N, — 0, the
expected frequency of the A allele approaches the expectation under pure mutation
pressure, v/(u + v), whereas as N. — oo, p — 1. For low mutation rates (as expected
for nucleotide sites), the population will generally be fixed for one or the other
allelic types, with p being the probability that the population is monomorphic for
beneficial allele. On the other hand, at very high N., Equation 8.33 expresses the
expected frequencies of segregating alleles (p for the beneficial allele, and (1 —p)/3
for each of the three nonoptimal alleles, which are here assumed to be selectively
equivalent and equally mutationally interchangeable). In principle, an expression
for the expected heterozygosity can then be obtained by jointly accounting for the
expected frequencies of the alternative fixed states, the probabilities of fixations
between alternative pairs of states (Equation 8.12a), and the total heterozygosity
produced during such transitions (Equation 8.13) (McVean and Charlesworth 2000).

(8.33)

HALDANE’S PRINCIPLE AND THE MUTATION LOAD

Having established the expected allele frequencies at a locus jointly influenced by
mutation, selection, and drift, we now consider the price that all organisms pay for
the privilege of evolving. Because most mutations are deleterious, and many uncon-
ditionally so, for every beneficial allele created by mutation, many more detrimental
mutations will be introduced to a population. In populations of sufficiently large size,
the majority of such mutations will be kept at low frequency and eventually purged,
but the relentless flux of new mutations will nevertheless result in an equilibrium
load on the mean fitness in the population (Muller 1950; Crow 1993). Remarkably,
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under reasonably general conditions, this load is often essentially independent of the
effects of individual mutations.

In an elegant display of population-genetic theory, Haldane (1937) proposed that
the reduction in fitness resulting from recurrent deleterious mutations is a function
of the mutation rate alone, an observation that has come to be known as Haldane’s
principle. Consider a deleterious recessive allele a with selective disadvantage s in
homozygotes. Recalling Equation 8.6d, the mean population fitness associated with

this locus is )
W:I—s-freq(aa)zl—s<\/z> =1-u (8.38a)

This shows that because the expected frequency of recessive homozygotes is in-
versely proportional to their selective disadvantage, the reduction in mean fitness
(the mutation load) is independent of the strength of selection and simply equal
to the deleterious mutation rate per allele. For a deleterious dominant allele with
equilibrium frequency u/s,

W =1-s[freq(aa) + freq(Aa)]

:1_3[(2)2”(?) (1—7:)} (8.38b)

2
—1-2u+ L&
S

Assuming s > u, the term u?/s is negligible, and the mean fitness is again essentially
independent of the strength of selection and simply a function of the mutation
rate (in this case, the per-locus rate 2u). Finally, consider an allele with partial
dominance, so that the heterozygote fitness is 1 — hs. Recalling from Equation 8.6d
that the equilibrium allele frequency is p = u/(hs), the mean population fitness is

W =1-2hsp(l —p)—sp?
u

:1—2hs§:1—2hs(h):1—2u (8.38¢)

S
so that the expected mean fitness is independent of both h and s. Biirger (2000) ex-
plores these expressions in considerable detail, confirming that the error in ignoring
selection effects in the preceding expressions is of order u?/s or smaller. With mul-
tiple deleterious alleles per locus, these same expressions apply if u is interpreted as
the total mutation rate of the most beneficial allele to all classes of deficient alleles
(Crow and Kimura 1964; Clark 1998).

One key assumption underlying the preceding derivations is that the population
is effectively infinite in size. If, on the other hand, N, is sufficiently small that the
power of drift exceeds that of selection, then we can no longer expect a permanent
equilibrium allele frequency at a locus, and can anticipate instead a continual flux
of deleterious mutations to the state of fixation. If unopposed for a sufficiently long
time, such a condition would eventually reduce mean population fitness to the point
at which the average individual would be incapable of replacing itself, leading to
population extinction via a mutational meltdown (Lynch et al. 1995a,b).

Kimura et al. (1963) first noted that N. must be several fold greater than 1/(hs)
for Haldane’s principle to be closely approximated, further suggesting that the muta-
tional load due to segregating mutations will monotonically increase with decreasing
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N.. However, their study invoked a relatively high level of back mutation in order
to maintain a quasi-equilibrium allele frequency. If instead, one treats back muta-
tion as negligible force (for reasons stated above), it can be shown that the load
associated with segregating mutations is nonmonotonic with respect to N.. The
load reaches a maximum (in excess of the Haldane expectation) at the point where
1/(2N.) ~ hs, as it is at this point that mutations have a maximum deleterious effect
that is still consistent with being highly vulnerable to random genetic drift (Lynch
et al. 1995a,b). As N, declines below this point, the segregational load approaches
zero simply because drift is so strong that few segregating polymorphisms of any
kind are maintained, and at this point permanent damage simply accrues via the
fixation of deleterious alleles.

A second point to consider is that Haldane’s principle assumes a situation
in which there are negligible epistatic effects on fitness. Kimura and Maruyama
(1966) examined this issue by considering a quadratic fitness function of the form
w; = 1 — hyi — hoi?, where i is the number of mutations carried by the individual.
With he = 0, we closely approximate the model of additive effects assumed above,
and Haldane’s principle continues to hold, with mean fitness being approximately
equal to e~V where U is the deleterious mutation rate per diploid genome. However,
at the opposite extreme with h; = 0, fitness declines with the square of the number
of mutations, and mean fitness is elevated to ~ e~U/2 regardless of the magnitude
of hs. A more general expression that allows for nonzero values of both h; and ho,
provided by Kimura and Maruyama (1966), demonstrates that this type of syner-
gistic epistasis will always reduce the mutational load on a sexual population. In
contrast, with diminishing-returns epistasis, where the decline in fitness with
increasing numbers of deleterious mutations becomes progressively shallower, the
mutation load is elevated beyond the Haldane expectation.

Fitness functions involving epistasis have played a significant role in our at-
tempt to understand the evolution of sexual reproduction, primarily because the
behavior just noted does not extend to asexual genomes, as first shown by Kimura
and Maruyama (1966) in a remarkably simple way. Consider an asexual population
of mixed clones, with py and pj, being the frequencies of the clone with minimal
number of mutations in one generation and the next. Then, accounting for selection
and mutation,

/ p0W0€7U

ro =P (8.39)
where Wy = 1 is the fitness of the optimal genotype, and e~V is the fraction of
the members of this class that do not acquire mutations. Note that no assumptions
have been made here with respect to the mode of gene action or of the form of the
phenotype distribution, and yet at equilibrium (p} = py) we obtain the very general
result that mean fitness W = e~Y. Thus, if synergistic epistasis among deleterious
mutations is important, a matter on which there is little empirical consensus (Rice et
al. 2002; Barton and Otto 2005), a sexual population will have a long-term advantage
in terms of mean fitness. Substantial additional work exists on this subject (e.g.,
Kondrashov 1984, 1988; Charlesworth 1990; Agrawal and Chasnov 2001; Otto 2003;
Haag and Roze 2007), but we will now move on to additional matters, as most of
our remaining attention is focused on sexual populations.
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FIXATION ISSUES INVOLVING TWO LOCI

There are a number of contexts in which fixation probabilities of alleles are influ-
enced by factors operating at other loci. For example, as discussed in Chapter 3,
selection operating on any locus, either positive or negative, results in a reduction
in the effective population size in the local chromosomal region, thereby reducing
the efficiency of selection operating on all loci linked to the target of selection. Such
effects will reduce the fixation probabilities for beneficial alleles, while enhancing
the likelihood of fixation of deleterious alleles. In addition, for mutations with con-
textual (epistatic) effects, fixation probabilities will depend critically on the genetic
background, and hence on the frequencies of alternative alleles at interacting loci.
All of these factors depend very much on the effective population size, which defines
the baseline level of variation expected in a population.

The Hill-Robertson Effect

We first consider the matter of selective interference created by linked variation
involving beneficial alleles. Suppose that the gamete with the highest fitness, AB,
is initially absent and can only be generated by recombination in Ab/aB double
heterozygotes. Letting x5 and z3 denote the frequencies of the Ab and aB gametes,
if the recombination frequency between the two loci is ¢, then the probability of AB
being generated in the population is equal to the product of the expected frequency
of Ab/aB heterozygotes and the probability that a random gamete from such indi-
viduals is AB, (2z223) (¢/2). Because x223 < 1/4 and a population with stable size
must produce 2N successful gametes, the upper bound to the expected number of
AB gametes generated in any generation is then (2N)(c/4). Thus, if Nc < 2, fewer
than one AB gametes will be produced each generation by recombination, so unless
there is a strong advantage to AB, one of the intermediate gamete types will most
likely become fixed before AB can reach an appreciable enough frequency to be de-
terministically promoted by selection. Such fixation of one of the intermediate types
will then preclude the generation of AB by recombination, leaving new mutation
as the only mechanism for such production. For this special case where the optimal
gamete is initially absent, Latter (1966b) developed approximate expressions for the
mean time to the first appearance of the AB gamete by recombination and for its
subsequent fixation probability.

Although there is no general expression for the probability of fixation when
alleles at two or more loci are competing for fixation, a number of results were
developed in the important paper of Hill and Robertson (1966). They were able to
obtain a weak-selection approximation for the probability of fixation for the following
case. Let two diallelic loci (with designated alleles A /a and B/b) have recombination
frequency ¢, po be the initial frequency of A, and Dy be the initial gametic-phase
disequilibrium (as defined in Chapter 2). Assuming completely additive selection
(no dominance or epistasis), where each copy of A adds s; and each copy of B adds
so to total fitness, the probability that A becomes fixed is

2N€82

e 8.40
2N.c+1° (8.40)

f(po) =~ po + 2Nes1po(1 — po) +
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provided that 2N.|s;| and 2N.|s2| < 1. Comparing this two-locus approximation
to the single-locus result (Equation 8.12b) shows that the probability of fixation
can be increased or decreased depending on the sign of the initial gametic-phase
disequilibrium, Dj.

When selection is strong (Ne|s1| and/or N¢|sa| > 1), things get rather interesting.
In this case, Hill and Robertson (1966) found by computer simulation that linkage
(i.e., ¢ < 0.5) generally decreases the probability of fixation of an advantageous allele
relative to the single-locus result. If A and B are favored alleles, linkage has little
effect on the probability of fixation of the ab gamete, but the probabilities of fixation
of the Ab and aB gametes increase at the expense of the optimal AB gamete (Latter
1965; Hill and Robertson 1966). This decrease is maximized when N.c is small and
both loci have the same effect (e.g., s1 = s2), as then there is no selective distinction
between the two intermediate gametes, rendering them neutral with respect to each
other. This is a significant point, as most theoretical investigations on the effects of
linkage on the selection response have assumed loci with equal effects (e.g., Fraser
1957; Latter 1965, 1966a,b; Gill 1965a,b,c; Qureshi and Kempthorne 1968; Qureshi
1968; Qureshi et al. 1968), thereby inflating the importance of linkage.

This general phenomenon of selective interference between linked loci, first no-
ticed by Hill and Robertson, was subsequently nicknamed the Hill-Robertson
effect by Felsenstein (1974). As discussed in Chapter 3, the primary implication of
the Hill-Robertson effect is that selection renders the behavior of linked loci closer
to that expected under neutrality by reducing the effective population size for the
chromosomal region (Birky and Walsh 1988; Charlesworth 1994; Peck 1994). This
effect applies to the efficiency of selection on all non-neutral alleles, both advan-
tageous and deleterious. For example, sometimes a moderately beneficial mutation
will arise in tight linkage to a highly detrimental allele at another locus, resulting
in very rapid elimination from the population if the net fitness of the chromoso-
mal region is still lower than that of the population mean. In addition, the average
substitution rate at a locus generating deleterious alleles is increased if that locus
is linked to another locus generating either deleterious or beneficial alleles (Birky
and Walsh 1988). In other words, the net effect of linkage is to reduce the overall
efficiency of selection for fitness-enhancing mutations, magnifying the accumulation
of mildly deleterious mutations at the expense of fixing more advantageous alleles.

This realization that the broad spectrum of Hill-Robertson effects is equiva-
lent to a reduction in N, greatly facilitates the estimation of fixation probabilities
of new mutations subject to background selection and occasional selective sweeps.
Indeed, in most contexts that have been examined so far, the standard fixation ex-
pressions given above still apply provided the appropriate modifications are made
to the definition of N, (Stephan et al. 1999), as has also been found for subdivided
and growing/declining populations. These redefinitions, which have already been
outlined at the end of Chapter 3, again point to the great technical utility of the
concept of effective population size.

Compensatory Mutations

To this point, we have generally been assuming that the magnitude of selection op-
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erating directly on an allele is independent of the genetic background (other than
effects associated with linkage disequilibrium) on which it resides. However, there
are numerous biological conditions in which this will not be the case. Most notable
among these is the broad category of compensatory mutation, wherein specific single
mutations at either of two loci cause a reduction in fitness, while their joint appear-
ance restores fitness or even elevates it beyond the ancestral state. Such epistatic in-
teractions play a prominent role in Wright’s (1931, 1932) shifting balance theory
for adaptive evolution, under which an adaptive valley is transversed by random ge-
netic drift in a small population, with the locally fixed advantageous genotype then
being exported to surrounding demes by migration. At the intramolecular level,
compensatory mutations appear to be important in a variety of changes in protein
sequences and in the composition of nucleotides in the stems of RNA molecules
(Stephan and Kirby 1993; Kondrashov et al. 2002; Kulanthinal et al. 2004; Azevedo
et al. 2006).

Ascertaining the conditions under which evolution by compensatory mutation
is most likely to occur is challenging because unlike the situation with a single
mutation whose fixation depends only on its own initial frequency, the success of a
mutation involved in an interlocus interaction depends on the frequency of alleles
preexisting at the interacting locus, as well as on the fitnesses associated with the
nine possible two-locus genotypes, and on the recombination rate between the two
loci. Consequently, no general theory for the long-term evolution of interacting loci
has yet been developed, atlhough considerable progress has been made in a number
of special cases.

We start by considering the situation in which two loci are fixed for alleles A and
B respectively, inquiring as to the time to reach an alternative state of fixation at
both loci, with respective alleles a and b. We will assume equivalent mutation rates
(u) from A to a and B and b, and initially ignore back mutation. With unidirectional
mutation pressure, fixation must eventually occur unless the non-AB gametes are
lethal.

The simplest scenario in this case, first explored by Kimura (1985), assumes
gamete-level selection, such that gametes Ab and aB have equivalent fitness 1 — s
and gametes AB and ab have equivalent fitnesses of 1.0. At the limit of very small
N,, such that mutations are limiting and the efficiency of selection is weak (4N.u < 1
and 4N, s < 1), the degree of linkage can be ignored (as only one locus is polymorphic
at a time), and the mean time to fixation of the novel ab type is the sum of the
waiting times for the two mutational steps,

_ 1 1 1
Tr~— [ — 4+ — 8.41
2Nu <2Pf,d pf,b> (8.41)

where p;q and py, are, respectively, the probabilities of fixation of deleterious and
beneficial alleles (obtained by applying selection coefficients —s and s to Equation
8.12a). Transitions to state Ab or aB occur at rate (2Nu)(2py,q4), the product of
the population mutation rate and twice the rate of first-step fixation, and then
conditional on the first change, the second occurs at rate 2Nupy ;. This expression
ignores the additional time to fix mutations, which should be relatively minor under
the assumed conditions (Carter and Wagner 2002).

If, on the other hand, selection is much stronger than drift (4N.s > 1), so
that fixation of the intermediate state is unlikely, then the most likely scenario for
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a transition to the ab type is that the population initially resides in a state of
selection-mutation balance at both loci. Assuming complete linkage, and a selection
coefficient s associated with the a and b alleles when not combined, the Ab and
aB gametes, each with initial frequency u/s (from Equation 8.6d), would then serve
as staging grounds for mutations to the ab type. Mutant ab gametes arise at rate
u from each of the intermediate types, and fix in an essentially neutral fashion (as
most resident gametes are of type AB, with equivalent fitness). Thus, the rate of
fixation of the ab type is (u/s)(2u). Ignoring the time to reach the initial equilibrium
and the fixation time for the second mutation (~ 4N, generations), the mean time
to fixation is the reciprocal of the rate,

S

T~ "
2u?

(8.42)
(Gillespie 1984; Stephan 1996).

When the AB and ab states have equivalent fitness, and mutations are re-
versible, the question then arises as to the long-term rate at lineages switch from
one state to the other. Adhering to the reasoning that Ab and aB gametes will gen-
erally be maintained at low levels by selection-mutation balance, and assuming equal
back and forward mutation rates, Higgs (1998) elegantly showed that the analysis
can be reduced to a one-dimensional diffusion process. The stationary distribution
for the frequency (x¢) of the AB gamete is

1 I'(2a)

#w0) = [t page 7o~ 2 ol (549

where o = 4Nu?/s is the population rate of mutational production of ab gametes,
z = 2u/s is the summed frequency of the Ab and aB gametes, and T' denotes the
gamma function. The frequency of the ab gamete is simply 1 —z9—2z. With a < 1, the
distribution of zg is highly U-shaped, with the probabilities of the population being
fixed for alternative AB and ab states being nearly equal. Higgs (1998) further
showed that the average number of generations between peak shifts is

2v/Nw
(1-2)9[(1 —2)/2]

Solution of this equation shows that the mean time between compensatory transi-
tions between selectively equivalent endpoints declines with the square root of pop-
ulation size, as larger populations present more targets for compensatory mutations
(Figure 8.5). A more general analysis, which allows for weaker efficiency of selection
(4N.s < 1), and differential selection and mutation operating on the intermediate
states is presented by Innan and Stephan (2001).

T =

(8.44)

—Insert Figure 8.5 Here—

Although the results given above strictly pertain to completely linked sites,
Higgs (1998) provides more general expressions, allowing for arbitrary levels of re-
combination. As a number of other theoretical investigations have demonstrated,
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strong linkage substantially accelerates the rate of peak shifts because the frequen-
cies of the low-fitness intermediates remain nearly unchanged during transitions to
alternative high-fitness states, ensuring that the population does not pass through a
phase of reduced mean fitness (Kimura 1985; Michalakis and Slatkin 1996; Stephan
1996; Innan and Stephan 2001). In contrast, recombination between AB and ab ga-
metes during a peak shift produces low-fitness intermediates, imposing a bottleneck
on mean population fitness, thereby inhibiting the movement from one state to the
other.

These kinds of observations, in which a two-locus system, stochastically shifts
from one semi-stable state to another through evolutionary time, appear to be closely
related (albeit not transparently) to the features of a number of models of complex
traits. For example, diallelic models of quantitative traits under stabilizing selection
often exhibit multiple equilibria for allele frequencies (including alternative situa-
tions of monomorphism and polymorphism), depending on the effects of alternative
alleles and the ways of assembling a multilocus phenotype that most closely resem-
bles the optimum (Bulmer 1972; Barton 1986, 1989; Biirger 1989; Gavrilets and
Hastings 1994). One can easily imagine that finite populations would wander from
one local equilibrium to another through time depending on the history of mutation
and drift, although no formal theory on the rate of such internal shifts has been
worked out.

Less consideration has been given to the situation in which the ab gamete is
superior in fitness to the AB gamete, but letting the selective disadvantage of the
intermediate types with respect to AB be s;, and the selective advantage of ab over
AB be ss, the time to transition from AB to ab can be obtained by modifying
Equation 8.42 to allow for a probability of fixation at the second step of 2s, (instead
of 1/(2N)), which yields a much lower time to transition than in the case of neutral
end points,
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Although this expression assumes efficient selection (4N.s> > 1) in the second step, a
more general solution is to use Equation 8.12a in place of 2s5, which yields Equation
8.42 as N,sy — 0, and also covers situations in which the fitness of ab is less than
AB. As pointed out by Carter and Wagner (2002), this model predicts a substantial
elevation in the rate of transition to the ab type in large populations, although it
also follows that the reverse transition will take place at a diminishingly small rate.

EVOLUTION OF THE GENETIC MACHINERY

In Chapter 4, we summarized information on phylogenetic variation in mutation and
recombination rates. Drawing from the theoretical results outlined above, we now
consider the potential evolutionary explanations for the observed quantitative levels
of these rates. Like any phenotypic trait, rates of mutation and recombination must
be under selection via the effects they impose on individual fitness, but are such
rates typically held at optimum intermediate levels by stabilizing selection, or are
they pushed to their physiological limits or simply defined by constrained cellular
processes?
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Evolutionary Modification of the Mutation Rate

Mutation rates are generally elevated in multicellular species on a per-cell division
basis and dramatically so on a per-generation basis. Although the latter is probably
due in part to the larger number of germline cell divisions in multicellular species,
the evidence also suggests that the DNA replication and repair machinery in such
species is somewhat functionally compromised relative to that in unicellular species.
This raises the question as to whether elevated mutation rates might be selectively
promoted in multicellular species for their long-term effects despite the fact that
most mutations are deleterious. However, a central difficulty with this argument is
that high mutation rates are much more likely to evolve in predominantly asexual
populations (the situation in many unicellular species, but not multicellular taxa),
as an absence of recombination is essential if novel mutator alleles are to be pulled
to fixation via linkage to the beneficial mutations that they induce (Johnson 1999a;
Sniegowski et al. 2000; Wilke et al. 2001; André et al. 2006; Denamur and Matic
2006). For sexual populations, it has proven quite difficult to avoid the conclusion
that mutation rates are predominantly driven downwardly by transient linkage of
mutator alleles to their recurrent deleterious side effects (Sturtevant 1937; Leigh
1970, 1973; Johnson 1999b).

To see why this is so, note that any allele that magnifies the mutation rate
(hereafter, designated as a mutator allele) will necessarily generate statistical asso-
ciations with defective germline mutations that it induces at linked and unlinked
loci. The duration of such disequilibria will depend on the rate of recombination
between the mutator and affected loci, but because of the recurrent nature of muta-
tion, new associations will arise each generation, leading eventually to an equilbrium
background mutation load. Consider a locus relevant to fitness recombining at rate c
with respect to the mutator locus. If, in the heterozygous state, the mutator induces
mutations at the fitness locus at an elevated rate Au per gene with a reduction in
fitness equal to hs per induced mutation, the selective disadvantage of the mutator
allele induced by linkage disequilibrium with this particular fitness locus is

o~ hs - Au
IS —hs)(1—¢)

(8.46a)

assuming Au < hs (Kimura 1967; Dawson 1999), which for unlinked loci reduces to

2hs - Au

_ .46b
1+ hs (8.46D)

Sqd =~

Assuming L chromosomes, each one Morgan in length (a situation closely ap-

proximated in most species; Chapter 4), and a haploid genome-wide increase in the

deleterious mutation rate of AU, after accounting for the full distribution of loca-

tions of randomly induced mutations, the total induced selection coefficient against
the mutator allele is found to be

_2hs AU(L—1+ ¢)

Sd, T = L(l n hS) (847&)
where he — (1 — hs)e-!
1+hs—(1—hs)e”

=1+1 A4Tb

p=1+In ( o ) , (8.47b)
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the approximate elevation in the average induced fitness effect of mutations on the
mutator-bearing chromosome relative to that on the other L — 1 unlinked chromo-
somes (Lynch 2008). For 0.001 < hs < 0.1, which fully covers the range of average
mutational effects found in empirical studies (Lynch and Walsh 1998), ¢ is in the
range of two to seven.

This relationship shows that the selective disadvantage of a mutator allele is
close to twice the product of the heterozygous fitness effect of new mutations (hs)
and the haploid genome-wide increase in the deleterious mutation rate (AU) unless
the chromosome number is very small, and even then not likely to be much more
than a few-fold higher. The factor by which s, 1 exceeds hs-AU/(1+ hs) is equivalent
to the average number of generations that an induced deleterious mutation remains
associated with the mutator responsible for its origin (as can be seen from Equation
8.46b, this factor is two for unlinked loci).

Given the small values for hs for newly arising mutations and the fact that sin-
gle amino-acid substitutions in DNA-processing proteins may have arbitrarily small
effects on the mutation rate, sy for many mutator alleles may be sufficiently small
(relative to the power of genetic drift) to render them effectively immune to the
eyes of natural selection. Thus, it is plausible that the elevation of mutation rates in
multicellular lineages is not an inevitable consequence of an inherent physiological
limitation in such species, but simply an indirect consequence of relatively small
effective population sizes (Chapter 4). Given the very low levels of existing muta-
tion rates, there is little room for incremental improvement (the maximum possible
reduction being the mutation rate itself), so unless 2N,s,r > 1, selection would be
unable to promote an antimutator allele.

Selection for Recombination-rate Modifiers

Although we have seen above that for specific positive interactions between two
loci (compensatory mutations) a low rate of recombination can facilitate adaptive
progress, the fact that restricted recombination almost always induces a more gen-
eral decline in the efficiency of natural selection via Hill-Robertson effects raises
the question as to whether selection can promote the evolution of modifiers that
increase the recombination rate. Consider a pair of loci, each of which is segregat-
ing for a beneficial and detrimental allele. As noted above, if the beneficial alleles
experience coupling disequilibrium, their mutually reinforced fitness will lead to
relatively rapid joint fixation of this gametic type, thereby eliminating the disequi-
librium. On the other hand, a chance appearance of repulsion disequilibrium will
have a prolonged history, as such a condition renders the fitness of the alternative
gametic states (e.g., Ab and aB) more similar to each other. Thus, because nat-
ural selection will generally encourage the buildup of repulsion disequilibria, any
recombination-rate modifier allele that encourages the breakup of such associations
would have an elevated likelihood of being driven to fixation if it were linked with
the beneficial chromosomal association that it created. The same argument can be
made for recombination-rate modifiers that result in the mutual purging of multiple
deleterious mutations. In both cases, recombination magnifies the pool of expressed
variation for fitness, thereby enhancing the efficiency of natural selection.
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As these types of phenomena bear importantly on the fundamental question of
why meiotic sexual reproduction evolved, a substantial body of theoretical work has
been devoted to the topic. Because it involves (minimally) three-locus dynamics in fi-
nite populations, most population-genetic theory on the evolution of recombination-
rate modifiers is highly technical, and with no simple analytical solutions relies
heavily on computer simulations. Nevertheless, a few general observations can be
made by focusing on the two primary conditions that lead to repulsion disequilibria
between beneficial alleles.

First, in the absence of recombination, synergistic epistasis (with fitness de-
clining at an increasing rate with increasing numbers of deleterious alleles) tends
to encourage the maintenance of intermediate phenotypes, thereby providing a se-
lective advantage for recombinational production of the double mutants and their
more efficient elimination by selection (Eshel and Feldman 1970; Kondrashov 1988;
Charlesworth 1990; Barton 1995). Diminishing-returns epistasis has the opposite
effect. These general arguments are related to the observation, noted above, that
synergistic epistasis results in an elevation in mean population fitness while having
no effect in asexual populations. As this effect applies even in the case of populations
that are effectively infinite in size, it has been interpreted as an attractive candidate
for explanations for the phylogenetic ubiquity of recombination. However, there are
numerous arguments as to why epistasis is unlikely to be the primary explanation
for the evolution of recombination: as noted above, the evidence on the relative
incidence of these two forms of epistasis is mixed at best; the selective effects of
synergistic epistasis are greatly diminished when the single-locus effects of muta-
tions are unequal (an issue ignored in most theory, but certainly the case in reality;
Butcher 1995); and the number of alternative hypotheses for the evolution of sexual
reproduction is quite large (Kondrashov 1993).

This general uncertainty about the ubiquity of synergistic epistasis as a selective
agent brings us to the second mechanism that promotes repulsion disequilibrium be-
tween beneficial alleles at linked loci — the Hill-Robertson effect, which as discussed
above, operates even in the absence of nonadditive gene action. Linkage disequilib-
ria resulting from Hill-Robertson effects are expected to increase with N, because
larger populations harbor larger numbers of cosegregating loci, so to a degree that
increases with population size at least to moderate N., this effect can also promote
the evolution of modifiers that magnify the recombination rate. Plausible arguments
have been made that the power of this general mechanism for the advancement of
recombination-rate modifiers may substantially outweigh that resulting from epis-
tasis, even when synergistic effects are common (Felsenstein and Yokoyama 1976;
Otto and Barton 2001; Pélsson 2002; Barton and Otto 2005; Keightley and Otto
2006; Roze and Barton 2006).

What remains unclear is the extent to which modifiers of the recombination
rate ever arise with substantial enough effects on the recombination rate (and with
sufficiently small negative pleiotropic effects on other aspects of cell biology) to be
promoted by these kinds of associative effects. Most attempts to study the matter
theoretically have focused on rather extreme situations in which either selection
coefficients are very large or the magnitude of the modifier’s effect on the recom-
bination rate is extreme, and some approximations suggest that even under these
conditions the selective advantage of the modifier can be quite small (Barton and
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Otto 2005), perhaps too small to overcome the likelihood of being lost by drift in
most cases.

Some empirical observations suggest that strong directional selection in artificial
selection programs can lead to the evolution of higher recombination rates (Barton
and Otto 2005). However, the review in Chapter 4 (in particular, the data in Figure
4.3) suggests that almost all of the interspecific variation in the genome-wide amount
of recombination per physical distance (across eukaryotes) is a simple function of the
total number of chromosomes and average chromosome length (and explainable by a
simple model that assumes just one to two crossovers per chromosome), leaving very
little residual variation in the existing data to be assigned to mechanisms of adaptive
fine-tuning. Thus, although models for the evolution of recombination may provide
an explanation for the adaptive origin and maintenance of meiotic recombination,
it remains to be demonstrated why ~ 1 Morgan/chromosome is an approximate
universal across eukaryotes.



30

CHAPTER 8

Literature Cited

Abramowitz, M., and I. A. Stegun. 1972. Handbook of mathematical functions: with formulas,
graphs, and mathematical tables. Dover Publications, New York, NY. [§]

Agrawal, A. F., and J. R. Chasnov. 2001. Recessive mutations and the maintenance of sex in
structured populations. Genetics 158: 913-917. [8]

André, J. B., and B. Godelle. 2006. The evolution of mutation rate in finite asexual populations.
Genetics 172: 611-626. [8]

Azevedo, L., G. Suriano, B. van Asch, R. M. Harding, and A. Amorim. 2006. Epistatic inter-
actions: how strong in disease and evolution? Trends Genet. 22: 581-585. [§]

Barton, N. H. 1986. The maintenance of polygenic variation through a balance between mu-
tation and stabilizing selection. Genet. Res. 47: 209-216. (8]

Barton, N. H. 1989. The divergence of a polygenic system subject to stabilizing selection,
mutation and drift. Genet. Res. 47: 209-216. [8]

Barton, N. H. 1993. The probability of fixation of a favored allele in a subdivided population.
Genet. Res. 62: 149-157. [8]

Barton, N. H. 1995. A general model for the evolution of recombination. Genet. Res. 65:
123-145. [8]

Barton, N. H., and S. P. Otto. 2005. Evolution of recombination due to random drift. Genetics
169: 2353-2370. [8]

Birky, C. W., and J. B. Walsh. 1988. Effects of linkage on rates of molecular evolution. Proc.
Natl. Acad. Sci. USA 85: 6414-6418. [8]

Bulmer, M. G. 1972. The genetic variability of polygenic characters under optimizing selection,
mutation and drift. Genet. Res. 19: 17-25. [8]

Bulmer, M. 1991. The selection-mutation-drift theory of synonymous codon usage. Genetics
129: 897-907. [8]

Biirger, R. 1989. Linkage and the maintenance of heritable variation by mutation-selection
balance. Genetics 121: 175-184. [8]

Biirger, R. 2000. The mathematical theory of selection, recombination, and mutation. John
Wiley & Somns, Ltd., New York, NY. [§]

Biirger, R., and W. J. Ewens. 1995. Fixation probabilities of additive alleles in diploid popu-
lations. J. Math. Biol 33: 557-575. [§]

Butcher, D. 1995. Muller’s ratchet, epistasis and mutation effects. Genetics 141: 431-437. [§]

Caballero, A. 1996. A note on the change in gene frequency of a selected allele in partial full-sib
mating populations. Genetics 142: 649-650. [8]

Caballero, A., and W. G. Hill. 1992. Effects of partial inbreeding on fixation rates and variation
of mutant genes. Genetics 131: 493-507. [8]

Caballero, A., P. D. Keightley, and W. G. Hill. 1991. Strategies for increasing fixation proba-
bilities of recessive mutations. Genet. Res. 58: 129-138. [§]

Carr, R. N., and R. F. Nassar. 1970. Effects of selection and drift on the dynamics of finite
populations. Biometrics 26: 41-49. [8]

Carter, A. J., and G. P. Wagner. 2002. Evolution of functionally conserved enhancers can be
accelerated in large populations: a population-genetic model. Proc. Biol. Sci. 269: 953-960.
(8]

Cash, W. S. 1977. An improved solution for the ultimate probability of fixation of a favorable
allele. I. Ultimate probability of fixation of a favorable allele. Biometrics 33: 528-532. [8]



SELECTION, MUTATION, AND DRIFT 31

Cavalli-Sforza, L. L., and W. F. Bodmer. 1971. The genetics of human populations. W. H.
Freeman and Co., San Francisco, CA. [§]

Charlesworth, B. 1990. Mutation-selection balance and the evolutionary advantage of sex and
recombination. Genet. Res. 55: 199-221. [§]

Charlesworth, B. 1994. The effect of background selection against deleterious alleles on weakly
selected, linked variants. Genet. Res. 63: 213-228. [8]

Chen, C. T., Q. S. Chi, and S. A. Sawyer. 2008. Effects of dominance on the probability of
fixation of a mutant allele. J. Math. Biol. 56: 413-434. [§]

Cohan, F. M. 1984. Can uniform selection retard random genetic divergence between isolated
populations? Evolution 38: 495-504. [8]

Clark, A. G. 1998. Mutation-selection balance with multiple alleles. Genetica 102/103: 41-47.
(8]

Crow, J. F. 1993. Mutation, mean fitness, and genetic load. Ozford Surveys Evol. Biol. 9: 3-42.
(8]

Crow, J. F., and M. Kimura. 1964. The theory of genetic loads. Proc. XIth Internat. Congr.
Genetics 2: 495-505. [§]

Curnow, R. N.; and L. H. Baker. 1968. The effect of repeated cycles of selection and regener-
ation in populations of finite size. Genet. Res. 11: 105-112. [§]

Curnow, R. N., and L. H. Baker. 1969. A correction to our earlier paper on “The effect of
repeated cycles of selection and regeneration in populations of finite size”. Genet. Res. 13:
105-106. [8]

Dawson, K. J. 1999. The dynamics of infinitesimally rare alleles, applied to the evolution of
mutation rates and the expression of deleterious mutations. Theor. Popul. Biol. 55: 1-22.

8]

Denamur, E., and I. Matic. 2006. Evolution of mutation rates in bacteria. Mol. Microbiol. 60:
820-827. [8]

Eshel, 1., and M. W. Feldman. 1970. On the evolutionary effect of recombination. Theor. Popul.
Biol. 1: 88-100. [§]

Ewens, W. J. 2004. Mathematical population genetics. 2nd Edition. Springer-Verlag, New York,
NY. [8]

Ewens, W. J., and G. Thomson. 1970. Heterozygote selective advantage. Ann. Hum. Genetics
33: 365-376. [§]

Felsenstein, J. 1974. The evolutionary advantage of recombination. Genetics 78: 737-756. [8]

Felsenstein, J., and S. Yokoyama. 1976. The evolutionary advantage of recombination. II.
Individual selection for recombination. Genetics 83: 845-859. [§]

Foley, P. 1987. Molecular clock rates at loci under stabilizing selection. Proc. Natl. Acad. Sci.
USA 84: 7996-8000. [8]

Fraser, A. S. 1957. Simulation of genetic systems by automatic digital computers. II. Effects
of linkage on rates of advance under selection. Aust. J. Biol. Sci. 10: 492-499. [8]

Gavrilets, S., and A. Hastings. 1994. Dynamics of genetic variability in two-locus models of
stabilizing selection. Genetics 138: 519-532. (8]

Gill, J. L. 1965a. Effects of finite size on selection advance in simulated genetic populations.
Aust. J. Biol. Sci. 18: 599-617. [8]

Gill, J. L. 1965b. A Monte Carlo evaluation of predicted selection response. Aust. J. Biol. Sci.
18: 999-1007. [8]



32

CHAPTER 8
Gill, J. L. 1965c. Selection and linkage in simulated genetic populations. Aust. J. Biol. Sci.
18: 1171-1187. [8]

Gillespie, J. H. 1984. Molecular evolution over the mutational landscape. Fvolution 38: 1116—
1129. [8]

Haag, C. R., and D. Roze. 2007. Genetic load in sexual and asexual diploids: segregation,
dominance and genetic drift. Genetics 176: 1663-1678. [8]

Haldane, J. B. S. 1927. A mathematical theory of natural and artificial selection. Part V. Proc.
Cambridge Phil. Soc. 23: 838-844. [8]

Haldane, J. B. S. 1937. The effect of variation on fitness. Amer. Natur. 71: 337-349. [§]
Hastings, A. 1987. Substitution rates under stabilizing selection. Genetics 116: 479-486. [§]

Higgs, P. G. 1998. Compensatory neutral mutations and the evolution of RNA. Genetica
102/103: 91-101. [g]

Hill, W. G. 1969a. On the theory of artificial selection in finite populations. Genet. Res. 13:
143-163. [8]

Hill, W. G. 1969b. The rate of selection advance with nonadditive loci. Genet. Res. 13: 165—
173. [§]

Hill, W. G., and A. Robertson. 1966. The effects of linkage on limits to artificial selection.
Genet. Res. 8: 269-294. [8]

Innan, H., and W. Stephan. 2001. Selection intensity against deleterious mutations in RNA
secondary structures and rate of compensatory nucleotide substitutions. Genetics 159: 389—
399. [8]

Johnson, T. 1999a. The approach to mutation-selection balance in an infinite asexual popula-
tion, and the evolution of mutation rates. Proc. Biol. Sci. 266: 2389-2397. 8]

Johnson, T. 1999b. Beneficial mutations, hitchhiking and the evolution of mutation rates in
sexual populations. Genetics 151: 1621-1631. [8]

Keightley, P. D., and S. P. Otto. 2006. Interference among deleterious mutations favours sex
and recombination in finite populations. Nature 443: 89-92. [§]

Kimura, M. 1957. Some problems of stochastic processes in genetics. Ann. Math. Stat. 28:
882-901. [§]

Kimura, M. 1967. On the evolutionary adjustment of spontaneous mutation rates. Genet. Res.
9: 23-34. [§]
Kimura, M. 1969. The number of heterozygous nucleotide sites maintained in a finite popula-

tion due to steady flux of mutations. Genetics 61: 893-903. [8]

Kimura, M. 1981. Possibility of extensive neutral evolution under stabilizing selection with
special reference to nonrandom usage of synonymous codons. Proc. Natl. Acad. Sci. USA
78: 5TT3-5777. [8]

Kimura, M. 1983. The neutral theory of molecular evolution. Cambridge Univ. Press, Cam-
bridge, UK. [§]

Kimura, M. 1985. The role of compensatory neutral mutations in molecular evolution. J.
Genet. 64: 7-19. [§]

Kimura, M., and T. Maruyama. 1966. The mutational load with epistatic gene interactions in
fitness. Genetics 54: 1337-1351. [§]

Kimura, M., T. Maruyama, and J. F. Crow. 1963. The mutation load in small populations.
Genetics 48: 1303-1312. [8]



SELECTION, MUTATION, AND DRIFT 33
Kimura, M., and T. Ohta. 1969a. The average number of generations until fixation of a mutant
gene in a finite population. Genetics 61: 763-771. [8]

Kimura, M., and T. Ohta. 1969b. The average number of generations until extinction of an
individual mutant gene in a finite population. Genetics 63: 701-709. [8]

Kondrashov, A. S. 1984. Deleterious mutations as an evolutionary factor. 1. The advantage of
recombination. Genet. Res. 44: 199-217. [§]

Kondrashov, A. S. 1988. Deleterious mutations and the evolution of sexual reproduction.
Nature 336: 435-440. [§]

Kondrashov, A. S. 1993. Classification of hypotheses on the advantage of amphimixis. J. Hered.
84: 372-387. [8]

Kondrashov, A. S. 1998. Deleterious mutations and the evolution of sexual reproduction.
Nature 336: 435-440. [8]

Kondrashov, A. S. 2003. Direct estimates of human per nucleotide mutation rates at 20 loci
causing Mendelian diseases. Hum. Mutat. 21: 12-27. [8]

Kondrashov, A. S.; S. Sunyaev, and F. A. Kondrashov. 2002. Dobzhansky-Muller incompati-
bilities in protein evolution. Proc. Natl. Acad. Sci. USA 99: 14878-14883. [8]

Kulathinal, R. J., B. R. Bettencourt, and D. L. Hartl. 2004. Compensated deleterious muta-
tions in insect genomes. Science 306: 1553-1554. [§]

Lande, R. 1979. Effective deme sizes during long-term evolution estimated from rates of chro-
mosomal rearrangement. Evolution 33: 234-251. [§]

Lande, R. 1984. The expected fixation rate of chromosomal inversions. Fvolution 38: 743-752.
(8]

Lande, R. 1985. The fixation of chromosomal rearrangements in a subdivided population with
local extinction and colonization. Heredity 54: 323-332. [§]

Latter, B. D. H. 1965. The response to artificial selection due to autosomal genes of large
effect. I1. The effects of linkage on the limits to selection in finite populations. Aust. J. Biol.
Sci. 18: 1009-1023. [8]

Latter, B. D. H. 1966a. The response to artificial selection due to autosomal genes of large
effect. III. The effects of linkage on the rate of advance and approach to fixation in finite
populations. Aust. J. Biol. Sci. 19: 131-146. [8]

Latter, B. D. H. 1966b. The interaction between effective population size and linkage intensity
under artificial selection. Genet. Res. 7: 313-323. [§]

Leigh, E. G., Jr. 1970. Natural selection and mutability. Amer. Natur. 104: 301-305. [8]
Leigh, E. G., Jr. 1973. The evolution of mutation rates. Genetics (Suppl.) 73: 1-18. [§]

Li, W.-H. 1975. The first arrival time and mean age of a deleterious mutant gene in a finite
population. Amer. J. Hum. Genet. 27: 274-286. [8]

Li, W. H. 1987. Models of nearly neutral mutations with particular implications for nonrandom
usage of synonymous codons. J. Mol. Evol. 24: 337-345. [§]

Lynch, M. 1986. Random drift, uniform selection, and the degree of population differentiation.
Evolution 40: 640-643 [8]

Lynch, M. 2008. The cellular, developmental, and population-genetic determinants of mutation-Ji
rate evolution. Genetics 180: 933-943. [§]

Lynch, M., J. Conery, and R. Biirger. 1995a. Mutational meltdowns in sexual populations.
Evolution 49: 1067-1080. [8]



34

CHAPTER 8

Lynch, M., J. Conery, and R. Biirger. 1995b. Mutation accumulation and the extinction of
small populations. Amer. Natur. 146: 489-518. [§]

Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative traits. Sinauer Assocs.,
Inc., Sunderland, MA. [8]

Maruyama, T. 1970. Fixation probabilities of genes in a subdivided population. Genet. Res.
15: 221-225. [8]

Maruyama, T. 1977. Stochastic problems in population genetics. Springer-Verlag, Berlin. [8]

Maruyama, T., and M. Kimura. 1974. A note on the speed of gene frequency changes in reverse
direction in a finite population. Fvolution 28: 161-163. [8]

McVean, G. A.; and B. Charlesworth. 2000. The effects of Hill-Robertson interference between
weakly selected mutations on patterns of molecular evolution and variation. Genetics 155:
929-944. [§]

Michalakis, Y., and M. Slatkin. 1996. Interaction of selection and recombination in the fixation
of negative-epistatic genes. Genet. Res. 67: 257-269. [8]

Muller, H. J. 1950. Our load of mutations. Amer. J. Hum. Genet. 2: 111-176. [8]

Nagylaki, T. 1992. Introduction to theoretical population genetics. Springer-Verlag, New York,
NY. [8]

Nei, M. 1969. Heterozygous effects and frequency changes of lethal genes in populations. Ge-
netics 63: 669-680. [§]

Nei, M. 1971. Extinction time of deleterious mutant genes in large populations. Theor. Popul.
Biol. 2: 419-425. [8]

Nei, M., and A. K. Roychoudhury. 1973. Probability of fixation and mean fixation time of an
overdominant mutation. Genetics 74: 371-380. [8]

Nishino, J., and F. Tajima. 2004. Effect of dominance on heterozygosity and the fixation
probability in a subdivided population. Genes Genet. Syst. 79: 41-48. [8]

Otto, S. P. 2003. The advantages of segregation and the evolution of sex. Genetics 164: 1099
1118. [8]

Otto, S. P., and N. H. Barton. 2001. Selection for recombination in small populations. Evolution
55: 1921-1931. [8]

Otto, S. P., and M. C. Whitlock. 1997. The probability of fixation in populations of changing
size. Genetics 146: 723-733. [§]

Pélsson, S. 2002. Selection on a modifier of recombination rate due to linked deleterious mu-
tations. J. Hered. 93: 22-26. [8]

Peck, J. 1994. A ruby in the rubbish: beneficial mutations, deleterious mutations, and the
evolution of sex. Genetics 137: 597-606. [8]

Pike, D. J. 1969. A comparison of two methods for predicting changes in the distribution of
gene frequency when selection is applied repeatedly to a finite population. Genet. Res. 13:
117-126. [8]

Qureshi, A. W. 1968. The role of finite population size and linkage in response to continued
trucation selection. II. Dominance and overdominance. Theor. Appl. Genet. 38: 264-270. [§]

Qureshi, A. W., and O. Kempthorne. 1968. On the fixation of genes of large effects due to
continued truncation selection in small populations of polygenic systems with linkage. Theor.
Appl. Genet. 38: 229-255. [§]

Qureshi, A. W., O. Kempthorne, and L. N. Hazel. 1968. The role of finite population size and
linkage in response to continued truncation selection. I. Additive gene action. Theor. Appl.
Genet. 38: 256-263. [8]



SELECTION, MUTATION, AND DRIFT 35

Rice, W. R. 2002. Experimental tests of the adaptive significance of sexual recombination.
Nature Rev. Genet. 3: 241-251. [8]

Robertson, A. 1956. The effect of selection against extreme deviants based on deviation or on
homozygosis. J. Genetics 54: 236-248. [8]

Robertson, A. 1960. A theory of limits in artificial selection. Proc. Royal Soc. Lond. B 153:
234-249. [8]

Robertson, A. 1962. Selection for heterozygotes in small populations. Genetics 47: 1291-1300.
(8]

Roze, D., and N. H. Barton. 2006. The Hill-Robertson effect and the evolution of recombina-
tion. Genetics 173: 1793-1811. [§]

Silvela, L. 1980. Genetic changes with generations of artificial selection. Genetics 95: 769-782.
(8]

Slatkin, M. 1981. Fixation probabilities and fixation times in a subdivided population. Evolu-
tion 35: 477-488. [8]

Sniegowski, P. D., P. J. Gerrish, T. Johnson, and A. Shaver. 2000. The evolution of mutation
rates: separating causes from consequences. Bioessays 22: 1057-1066. [8]

Stephan, W. 1996. The rate of compensatory evolution. Genetics 144: 419-426. [8]

Stephan, W., B. Charlesworth, and G. McVean. 1999. The effect of background selection at a
single locus on weakly selected, partially linked variants. Genet. Res. 73: 133-146. [8]

Stephan, W., and D. A. Kirby. 1993. RNA folding in Drosophila shows a distance effect for
compensatory fitness interactions. Genetics 135: 97-103. [8]

Sturtevant, A. H. 1937. Essays on evolution. I. On the effects of selection on mutation rate.
Quart. Rev. Biol. 12: 464-476. [8]

Walsh, J. B. 1982. Rate of accumulation of reproductive isolation by chromosome rearrange-
ments. Amer. Natur. 120: 510-532. [§]

Whitlock, M. C. 2003. Fixation probability and time in subdivided populations. Genetics 164:
T67-779. [8]

Whitlock, M. C., and R. Gomulkiewicz. 2005. Probability of fixation in a heterogeneous envi-
ronment. Genetics 171: 1407-1417. [8]

Wilke, C. O., J. L. Wang, C. Ofria, R. E. Lenski, and C. Adami. 2001. Evolution of digital
organisms at high mutation rates leads to survival of the flattest. Nature 412: 331-333. [§]

Wright, S. 1931. Evolution in Mendelian populations. Genetics 16: 97-159. [8]

Wright, S. 1932. The roles of mutation, inbreeding, crossbreeding and selection in evolution.
Proc. 6th Internat. Cong. Genetics 1: 356-366. [8]

Wright, S. 1938. The distribution of gene frequencies under irreversible mutation. Proc. Natl.
Acad. Sci. USA 24: 253-259. [8]

Wright, S. 1949. Adaptation and selection. In G. L. Jepson, G. G. Simpson, and E. Mayr
(ed.), Genetics, paleontology and evolution, pp. 365-389. Princeton Univ. Press, Princeton,
NJ. [§]

Zeng, 7Z. B., H. Tachida, and C. C. Cockerham. 1989. Effects of mutation on selection limits
in finite populations with multiple alleles. Genetics 122: 977-984. [8]



36 CHAPTER 8

Figure 8.1. Probability of fixation and lifetime contribution to heterozygosity of a new mutant
allele with additive effects on fitness as a function of N,.s (using Equations 8.12a and 8.13), both
relative to the neutral expectation.
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Figure 8.2. Ratios for the fixation probabilities and expected times to fixation for a newly arisen
overdominant mutation relative to the expectations for neutral mutations, as a function of the
equilibrinm frequency expected in a population of infinite size J = s9/( 81 + 82), where the fitnesses
are 1 —sq, 1, and 1 — s3 (the former being for the mutant homozygote). Each curve gives results for
a different value of Ng(s1 + 89), a measure of the ratio of the power of selection to drift, where N,
is the effective population size. For any value of N.(s{ -+ s2), the probability of fixation increases
with the magnitude of selection against the alternative homozygote, as this defines the selective
advantage of the novel allele in the heterozvgous state. From Nei and Roychoudhury (1973).
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Figure 8.3. The probability of fixation of a newly arisen underdominant mutation, relative to
the neutral expectation of 1/(2N), with selective disadvantage s in the heterozygous state and
advantage ¢ in the homozygous state, From Walsh (1982).
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Figure 8.4. The Cohan effect. A diallelic locus under additive selection is considered. The shaded
area is the region of py (the initial frequency of A) and 4N.s space where the probability that
isolated populations are fixed for alternative alleles is higher under selection and drift than under
drift alone. In this region, selection increases the amount of indeterminism relative to drift alone.
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Figure 8.5. The decline in the mean time between peak shifts in a system involving compensatory

mutations, where the endpoints are selectively equivalent and the intermediate states have selective

disadvantage s. The results are obtained by solving Equations 8.43 and 8.44 with mutation rate
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